lung injury is a major concern in critically ill patients who receive high concentrations of oxygen to treat lung diseases. Successful abrogation of hyperoxic lung injury would have a huge impact on respiratory and critical care medicine. Hydrogen can be administered as a therapeutic medical gas. We recently demonstrated that inhaled hydrogen reduced transplant-induced lung injury and induced heme oxygenase (HO)-1. To determine whether hydrogen could reduce hyperoxic lung injury and investigate the underlying mechanisms, we randomly assigned rats to four experimental groups and administered the following gas mixtures for 60 h: 98% oxygen (hyperoxia), 2% nitrogen; 98% oxygen (hyperoxia), 2% hydrogen; 98% balanced air (normoxia), 2% nitrogen; and 98% balanced air (normoxia), 2% hydrogen. We examined lung function by blood gas analysis, extent of lung injury, and expression of HO-1. We also investigated the role of NF-E2-related factor (Nrf) 2, which regulates HO-1 expression, by examining the expression of Nrf2-dependent genes and the ability of hydrogen to reduce hyperoxic lung injury in Nrf2-deficient mice. Hydrogen treatment during exposure to hyperoxia significantly improved blood oxygenation, reduced inflammatory events, and induced HO-1 expression. Hydrogen did not mitigate hyperoxic lung injury or induce HO-1 in Nrf2-deficient mice. These findings indicate that hydrogen gas can ameliorate hyperoxic lung injury through induction of Nrf2-dependent genes, such as HO-1. The findings suggest a potentially novel and applicable solution to hyperoxic lung injury and provide new insight into the molecular mechanisms and actions of hydrogen.
ADMINISTRATION OF HIGH CONCENTRATIONS of oxygen is required to maintain sufficient blood oxygenation in some critically ill patients, such as patients with acute lung injury or acute respiratory distress syndrome (ARDS) (36) . However, prolonged exposure to high concentrations of oxygen results in hyperoxic lung injury, which can lead to respiratory failure (3, 12) . Excessive reactive oxygen species (ROS) generated during hyperoxic conditions are a main cause of hyperoxic lung injury (3) . ROS have direct detrimental effects on cell structures, such as membranes, mitochondria, and nuclei, and modulatory effects on several cell signaling pathways (28) . Successful abrogation of hyperoxic lung injury would have a huge impact on respiratory and critical care medicine. Developing therapeutic strategies based on the molecular pathogenesis of hyperoxic lung injury is critical.
Hydrogen can be used as a therapeutic medical gas and has been studied in clinical and experimental models of many different diseases in a variety of biomedical fields. Hydrogen exhibits potent antioxidant and anti-inflammatory properties and is a known scavenger of ROS (16) . Hydrogen may also act as a gaseous signaling molecule, similar to nitric oxide (19) . Our laboratory has explored the application of inhaled hydrogen for acute lung injuries and found that treatment with inhaled hydrogen mitigates mechanical ventilation-induced lung injury (15) and transplant-induced lung ischemia-reperfusion injury (23, 24) . We discovered that inhaled hydrogen gas induces heme oxygenase (HO)-1 in the donor lungs before transplantation and leads to excellent preconditioning of lung allografts and improved transplant outcomes (23) .
HO-1, a heme-degrading enzyme, is highly induced by oxidative stress and plays a critical role in defending the lung against inflammatory and oxidant-induced cellular and tissue injury (13, 32) . HO-1 is induced by a number of signaling pathways and transcription factors (1, 41) . In this study, we focused on the role of the nuclear factor E2-related factor (Nrf) 2-antioxidant response element (ARE) pathway. The Nrf2-ARE pathway transcriptionally regulates HO-1, as well as numerous other antioxidant and cytoprotective proteins. Thus, it is considered an essential pathway for protection against oxidative stress and resultant forms of lung injury (10, 25) . We hypothesized that hydrogen gas could ameliorate hyperoxic lung injury by inducing the Nrf2-ARE pathway. We tested the role of hydrogen in migrating hyperoxic lung injury and its underlying mechanisms using rat and Nrf2-deficient (Nrf2 Ϫ/Ϫ ) mouse models.
MATERIALS AND METHODS

Animals.
Male Lewis (RT1 l ) rats (8 -10 wk old) were purchased from Harlan Laboratories (Indianapolis, IN), and male C57BL/6J mice (7-9 wk old) were purchased from The Jackson Laboratory (Bar Harbor, ME). The Nrf2 Ϫ/Ϫ mice (7-9 wk old) were maintained in a C57BL/6J background (18) . All procedures were performed with approval from our Institutional Animal Care and Use Committee and in accordance with the National Research Council's Guide for the Humane Care and Use of Laboratory Animals.
Gas exposure. Animals were exposed continuously to either normoxia (air) or hyperoxia (98% oxygen) with either 2% nitrogen or 2% hydrogen at a flow rate of 2 l/min in an exposure chamber (model no. 902-EC, 18 in. wide ϫ 18 in. deep ϫ 18 in. high; Plas Labs, Lansing, MI) for 60 h. When determining the effects of hydrogen on survival under prolonged hyperoxic conditions, rats were monitored every 8 h and exposed until death (Ͼ60 h). Gas samples were taken for analysis through a port in the top of the exposure chamber and analyzed by electrochemical detection. The oxygen concentrations in all experiments were confirmed to be Ͼ95% with a gas spectrometer (VTI Oxygen Monitor; Vascular Technology, Nashua, NH) once the chamber had equilibrated. Food and water were provided ad libitum. The chambers were opened one time a day for 5 min to replace food and water. Fewer than 10 mice and fewer than 4 rats were housed together in the chamber. Rats were weighed immediately before and immediately after exposure.
Assessment of lung function and injury and tissue collection. After gas exposure, the animals were anesthetized, and lung function was assessed by analysis of blood gases on a fraction of inspired oxygen of 1.0 in blood drawn from the abdominal aorta. The left lung was used for bronchoalveolar lavage, as described previously (15) . The pleural effusion volume was measured immediately after opening the chest cavity. The lungs were flushed through the main pulmonary artery with phosphate-buffered saline before tissue collection except in samples collected to assess the wet-to-dry (W/D) weight ratio. The W/D ratio was measured as described previously (23) .
Histopathological analysis. For histological evaluation, fixed lung sections were stained with hematoxylin and eosin. Acute lung injury was blindly scored according to previously described criteria (23) . For immunofluorescent analysis, anti-HO-1 (Abcam, Cambridge, MA) and anti-aquaporin-5 (EMD Chemicals, Gibbstown, NJ) were used. For immunohistological staining, anti-HO-1 polyclonal antibody (Enzo Life Sciences, Farmingdale, NY), anti-cleaved caspase 3 polyclonal antibody (Cell Signaling Technology, Danvers, MA), and anti-8-hydroxy-2=-deoxyguanosine (8-OHdG) monoclonal antibody (NIKKEN SEIL, Shizuoka, Japan) were used, as described previously (29, 34, 45) .
Protein analysis. Western blot analysis was performed on 30 g of whole cell protein from lung tissue as described previously (23) . The following primary antibodies were used: anti-HO-1 (Enzo Life Sciences), anti-B cell lymphoma (Bcl)-2 (Cell Signaling Technology), anti-Bcl-2-associated X protein (Bax) (Cell Signaling Technology), and anti-␤-actin (Sigma-Aldrich, St. Louis, MO). Tissue HO-1 activity was measured spectrophotometrically in microsomal fractions (29) .
SYBR green real-time RT-PCR. Rat and mouse mRNAs were quantified in duplicate using SYBR Green two-step, real-time RT-PCR, as previously described (20, 26, 34) . The following mRNAs were quantitated: rat interleukin (IL)-1␤, IL-6, tumor necrosis factor (TNF)-␣, intercellular adhesion molecule (ICAM)-1, Bcl-2, Bax, HO-1, NAD(P)H dehydrogenase quinone (Nqo) 1, glutathione Stransferase (GST) A2, UDP-glucuronosyl transferase (UGT) 1A6 and peroxiredoxin (Prdx) 1, Kelch-like ECH-associated protein 1 (Keap 1), and Nrf2 and glyceraldehyde-3-phosphate dehydrogenase; and mouse HO-1, Nqo-1, GSTA2, and hypoxanthine phosphoribosyltransferase. Optimized and validated primer sets were obtained from realtimeprimers.com (Elkins Park, PA).
Measurement of malondialdehyde. Lung tissues were harvested after 60 h of gas exposure, snap-frozen, and kept at Ϫ80°C until analysis. The tissue was homogenized, and tissue malondialdehyde (MDA) concentration was determined according to the manufacturer's instructions (Kit MDA-586; Oxidresearch, Portland, OR).
Statistical analysis. Animal survival was plotted using the KaplanMeier method, and the differences between groups were analyzed using the log-rank test. Other data were expressed as means Ϯ SE. Parametric data were analyzed with one-way analysis of variance followed by post hoc analysis with the Bonferroni correction. The lung injury score was analyzed with the Mann-Whitney U-test with the Bonferroni correction. The cell count was analyzed with TukeyKramer methods. JMP version 9 (SAS Institute, Cary, NC) was used for all statistical analyses.
RESULTS
Hydrogen gas ameliorated lung dysfunction after hyperoxic exposure and prolonged survival against lethal hyperoxia in rats. Sixty hours of exposure to a high concentration (Ͼ95%) of oxygen impaired lung function, as was evident by the remarkable decrease in the partial pressure of oxygen (PO 2 ) in rats exposed to 98% oxygen, 2% nitrogen (hyperoxic conditions) compared with rats exposed to normoxic conditions with 2% nitrogen (Fig. 1A) . Administration of 2% hydrogen during hyperoxic exposure (hyperoxia/H 2 ) significantly improved blood oxygenation (Fig. 1A) . Body weight loss, a marker of general health status, was also evaluated. The rats exposed to hyperoxia with 2% nitrogen exhibited significant body weight Fig. 1 . Physiological effects of hydrogen on hyperoxic lung injury and assessment of lung permeability and edema in rats. A: blood oxygenation levels in blood drawn from the abdominal aorta of rats after 60 h of exposure to normoxic or hyperoxic conditions; n ϭ 8 experiments, †P Ͻ 0.01 and *P Ͻ 0.05. B: body weight loss. Rats were weighed immediately before and immediately after 60 h of exposure to normoxic or hyperoxic conditions; n ϭ 8, †P Ͻ 0.01 and *P Ͻ 0.05. C: animal survival during prolonged exposure to hyperoxic conditions. Survival was assessed every 8 h; n ϭ 5 for each group, log-rank test, P ϭ 0.0027. loss compared with rats maintained in normoxia conditions. Hydrogen significantly reduced body weight loss during hyperoxic exposure (Fig. 1B) . All rats exposed to hyperoxia with 2% nitrogen died within 64 h, whereas rats exposed to hyperoxia with 2% hydrogen survived a median of 72 h (range 72-120 h) (Fig. 1C) .
Hydrogen reduced lung permeability, lung edema, and alveolar-capillary leakage induced by hyperoxia. Exposure to hyperoxic conditions for 60 h substantially increased the pleural effusion volume ( Fig. 2A) and the W/D ratio of the rat lung tissue (Fig. 2B) . Hydrogen ameliorated hyperoxia-induced lung edema, as indicated by reduced pleural effusion volume ( Fig.  2A) and by a significant decrease in the W/D ratio compared with lungs from hyperoxia/N 2 rats (Fig. 2B ). Taken together, the pleural effusion volume and W/D ratio findings provide consistent evidence that hydrogen reduced hyperoxia-induced lung edema.
Because hyperoxia increases the permeability of the barriers formed by the epithelial cells, the number of cells and the protein concentration in the bronchoalveolar lavage fluid (BALF) reflect the extent of lung injury (4) . Total cell number and protein concentration were significantly higher in the BALF of hyperoxia/N 2 rats compared with BALF from normoxia/N 2 rats (Fig. 2 , C and D). Hydrogen treatment during hyperoxic exposure (hyperoxia/H 2 ) significantly reduced the cell number and the protein concentration in the BALF, indicating less lung injury.
Hydrogen reduced hyperoxic lung injury and the expression of proinflammatory cytokines. The effects of hydrogen gas on hyperoxic injury were also evaluated by histological analysis. The lungs of rats exposed to hyperoxia showed marked cellular infiltration and edema in the interstitial area and associated thickening of the alveolar septum. In the presence of hydrogen, both edema and inflammatory cell infiltration were reduced despite exposure to hyperoxia (Fig. 3A) . Additionally, the lung injury scores in hyperoxia/H 2 rats were significantly lower than those of hyperoxia/N 2 rats (Fig. 3B) .
Histological hyperoxic lung injury is accompanied by increased expression of the mRNAs for several proinflammatory cytokines, including IL-1␤, IL-6, TNF-␣, and ICAM-1 (48) . We evaluated the effects of hydrogen on proinflammatory cytokine expression in the lung using real-time RT-PCR on mRNA extracted from frozen lung tissues. After 60 h of exposure to hyperoxic conditions, the mRNAs for IL-1␤, IL-6, TNF-␣, and ICAM-1 were significantly upregulated compared with rats exposed to normoxic conditions. Treatment with 2% hydrogen during hyperoxic exposure significantly reduced the peak expression of the transcripts for these inflammatory mediators (Fig. 3, C-F) . These results indicate that hydrogen reduced the inflammatory response by decreasing the expression of a variety of important proinflammatory cytokines.
Hydrogen mitigated hyperoxia-induced lung epithelial cell apoptosis. Prolonged hyperoxic exposure induces apoptosis in the pulmonary epithelial cells and is one of the deleterious factors leading to lung dysfunction (38) . Caspase 3 immunohistochemical staining was performed to evaluate apoptosis induced by hyperoxia in the rat lung tissue. While exposure to hyperoxia resulted in caspase 3-positive cells in hyperoxia/N 2 rats, the presence of 2% hydrogen during hyperoxia decreased the number of caspase 3-positive cells (Fig. 4, A and B) . Overexpression of the antiapoptotic protein Bcl-2 ameliorates lung injury by inhibiting apoptotic pathways (6) . Hydrogen inhalation resulted in significant induction of Bcl-2 protein and upregulation of Bcl-2 mRNAs after 60 h of hyperoxic exposure, as demonstrated by Western blots and real-time RT-PCR, respectively (Fig. 4, C and E) . The proapoptotic protein Bax can be induced in alveolar epithelial cells by oxidative stress (6) . Hyperoxia resulted in an upregulation of Bax mRNA and protein in the lungs exposed with 2% nitrogen. Hydrogen inhalation reduced Bax protein levels and inhibited the upregulation of Bax mRNA (Fig. 4, D and F) .
Hydrogen induced HO-1. Our previous study demonstrated that hydrogen could increase HO-1 and mitigate lung ischemiareperfusion injury in a rat lung transplantation model (23) . Therefore, we examined whether hydrogen treatment increased expression of HO-1 in this model. In immunohistochemical analysis, more cells expressed HO-1 in the hyperoxia/H 2 rats (Fig. 5, A and B) than in the hyperoxia/N 2 rats. Immunofluorescent analysis for HO-1 and aquaporin-5, a lung epithelial cell marker, demonstrated that the HO-1-positive cells were lung epithelial cells (Fig. 5C). A B 2  2  2  2  2  2  2  2  2  2  2  2  2  2  2 Fig. 2 . Assessment of lung permeability and edema in rats. A: pleural effusion volume after 60 h of normoxia or hyperoxia; n ϭ 8 for each group, *P Ͻ 0.05. B: wet-to-dry ratio of the lungs after 60 h of normoxia or hyperoxia; n ϭ 5 for each group, †P Ͻ 0.01 and *P Ͻ 0.05. C: cell counts in the bronchoalveolar lavage fluid (BALF); n ϭ 5 for each group, †P Ͻ 0.01 and *P Ͻ 0.05. D: protein concentration in BALF; n ϭ 5 for each group, †P Ͻ 0.01 and *P Ͻ 0.05.
Consistent with the immunohistochemical analysis, hydrogen increased HO-1 protein (Fig. 5D ) and HO-1 mRNA (Fig.  5E ) expression after 60 h of exposure to hyperoxic conditions. HO-1 mRNA and protein were upregulated after 30 h of exposure to hydrogen and hyperoxia as well. To confirm that the increase in pulmonary HO-1 protein and mRNA expression was reflected in increased HO-1 activity, we examined HO-1 activity in the lungs after 60 h of hyperoxic exposure. Hydrogen increased HO-1 activity in the lungs of rats exposed to hyperoxia (Fig. 5F ). Hydrogen treatment did not significantly induce HO-1 expression or HO-1 enzymatic activity under normoxic conditions.
Hydrogen modulated the Keap1/Nrf2 signaling pathway. Nrf2 is one of the key transcription factors that regulates HO-1 gene expression as part of an adaptive response to oxidative stress (2) . Nrf2 also plays key roles in protecting the lung from hyperoxic lung injury and allowing lung recovery after hyperoxic exposure (10, 43) . To further explore the mechanisms underlying hydrogen's ability to mitigate hyperoxic lung injury, we performed real-time RT-PCR for several Nrf2-dependent, cytoprotective genes, including Nqo1 (Fig. 6A), GSTA2 (Fig. 6B) , UGT1A6 (Fig. 6C) , and Prdx 1 (Fig. 6D) , after 60 h of exposure to hyperoxia. Hydrogen significantly upregulated these Nrf2-dependent transcripts in rats exposed to hyperoxic conditions. Normoxia Hyperoxia   2  2  2  2  2  2  2  2  2  2  2  2  2  2 Left: lungs exposed to normoxic conditions with 2% nitrogen or 2% hydrogen. Right: Lungs exposed to hyperoxic conditions with 2% nitrogen or 2% hydrogen. Magnification ϫ400. B: lung injury scores of H&E-stained lungs. Acute lung injury was scored according to 1) thickness of the alveolar wall, 2) infiltration or aggregation of neutrophils in airspace, the alveolar wall, or the vessel wall, and 3) alveolar congestion, and each item was graded on a four-point scale. Each component ranged from 0 to 3, with higher scores indicating more severe damage. A total lung injury score was calculated as the sum of the three components (from 0 to 9). At least 10 fields (median 17, range 13-20 fields) were chosen randomly from each section and were examined at ϫ400 magnification. Normoxia n ϭ 4, hyperoxia n ϭ 6. C-F: real-time RT-PCR for inflammatory mediators in lung tissue after 60 h normoxia or hyperoxia exposure. Relative levels of the mRNAs for interleukin (IL)-1␤ (C), IL-6 (D), tumor necrosis factor (TNF)-␣ (E), and intercellular adhesion molecule (ICAM)-1 (F) were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA; n ϭ 4 for each group, †P Ͻ 0.01 and *P Ͻ 0.05. NS, not significant.
Disruption of Nrf2 impaired the protective effect of hydrogen against hyperoxic lung injury.
To solidify a role for Nrf2 in the mitigation of hyperoxic lung injury by hydrogen, we examined if hydrogen protected against hyperoxic lung injury in Nrf2 Ϫ/Ϫ mice. Sixty hours of exposure to a high concentration of oxygen in the absence of hydrogen (hyperoxia/N 2 ) impaired lung function and resulted in a remarkable decrease of PO 2 in both wild-type and Nrf2 Ϫ/Ϫ mice (Fig. 7, A and B) . Hydrogen treatment significantly improved blood oxygenation in the wild-type mice (Fig. 7A) , as it did in the rat model (Fig.  1A) . However, hydrogen did not significantly improve blood oxygenation in Nrf2 Ϫ/Ϫ mice (Fig. 7B) . Hydrogen reduced hyperoxic lung injury, apparent in gross pathological analysis, in wild-type mice after 60 h of hyperoxia (Fig. 7C ) but did not protect against hyperoxic lung injury in Nrf2 Ϫ/Ϫ mice (Fig.  7D) . Histological analysis also revealed that the lungs of Nrf2 Ϫ/Ϫ mice exposed to hyperoxia had more marked cellular infiltration and edema in the interstitial area and associated thickening of the alveolar septum, even in the presence of hydrogen, compared with wild-type mice (Fig. 7, E and F) .
These results suggested that disruption of the Nrf2 gene abrogates hydrogen's ability to protect against hyperoxic lung injury.
Hydrogen reduced oxidative injury but did not induce Nrf2-dependent cytoprotective genes in Nrf2
Ϫ/Ϫ mice. In lungs exposed to hyperoxic conditions without hydrogen for 60 h, tissue MDA levels markedly increased in both wild-type and Nrf2 Ϫ/Ϫ mice. Hydrogen supplementation significantly reduced lung MDA levels in both wild-type and Nrf2 Ϫ/Ϫ mice (Fig. 8A ). 8-OHdG immunohistochemical staining was performed to evaluate DNA damage induced by hyperoxia in the lung tissue. Although DNA damage was scarce in the lungs of normoxia animals (data not shown), 60 h exposure to hyperoxia resulted in 8-OHdG-positive cells. Consistent with the MDA assay, the presence of hydrogen during hyperoxia significantly decreased the number of 8-OHdG-positive cells in both wild-type and Nrf2 Ϫ/Ϫ mice (Fig. 8, B and C) . Expression of Nrf2-dependent genes (HO-1, Nqo1, GSTA2) was assessed by real-time RT-PCR after 60 h of exposure to hyperoxia in the presence and absence of hydrogen in Nrf2 Ϫ/Ϫ and wild-type A: pulmonary epithelial cell apoptosis was determined by immunohistochemistry for cleaved caspase 3 after 60 h of exposure to normoxia or hyperoxia. Left: lungs exposed to normoxic conditions with 2% nitrogen or 2% hydrogen. Right: lungs exposed to hyperoxic conditions with 2% nitrogen or 2% hydrogen. Magnification ϫ400. B: cleaved caspase 3-positive cells were counted with the samples' identities masked and expressed as the number of positive cells per high-power field (HPF). More than 10 fields were chosen randomly from each section for quantitation. Normoxia n ϭ 4, hyperoxia n ϭ 6. C: Western blots for B cell lymphoma-2 (Bcl-2) and ␤-actin on protein extracts from lungs after a 60-h exposure to normoxia or hyperoxia with 2% nitrogen or hydrogen. The images are representative of 3 independent experiments; n ϭ 4 for each group. D: Western blots for Bcl-2-associated X-protein (Bax) and ␤-actin on protein extracts from lungs after a 60-h exposure to normoxia or hyperoxia with 2% nitrogen or hydrogen. The images are representative of 3 independent experiments; n ϭ 4 for each group. E: real-time RT-PCR for Bcl-2 mRNA in lung tissue after 60 h of normoxia or hyperoxia; n ϭ 4 for each group, *P Ͻ 0.05. Expression was normalized to GAPDH mRNA. F: real-time RT-PCR for Bax mRNA in lung tissue after 60 h of normoxia or hyperoxia; n ϭ 4 for each group, †P Ͻ 0.01. Expression was normalized to GAPDH mRNA.
mice. HO-1 (Fig. 8D) , Nqo1 (Fig. 8E) , and GSTA2 (Fig. 8F) were not induced in response to hydrogen treatment in Nrf2
Taken together with the results in Fig. 8 , the MDA assay and 8-OHdG immunohistochemical staining results suggest that hydrogen may protect against hyperoxic lung injury both by decreasing the extent of oxidative injury caused by ROS, through hydrogen's free radical scavenging activities, and by inducing Nrf2-dependent protective signaling pathways.
DISCUSSION
This study demonstrated that treatment with 2% hydrogen via inhalation ameliorated hyperoxic lung injury by modulating the Nrf2 pathway. Treatment with hydrogen during hyperoxic exposure induced several Nrf2-dependent genes, including HO-1. The study suggests that hydrogen protects against hyperoxic lung injury both by decreasing the extent of oxidative injury caused by ROS, perhaps through hydrogen's free radical scavenging activities, and by inducing Nrf2-dependent protective signaling pathways. Although the molecular mechanisms underlying hydrogen's actions are largely undefined, we demonstrated that hydrogen is a novel activator of the Nrf2 pathway with therapeutic potential.
Since discovery of the antioxidant effects of hydrogen (37), a number of experimental and clinical studies have indicated that hydrogen gas may be a useful new therapeutic modality in 
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HYDROGEN REDUCES HYPEROXIC LUNG INJURY VIA THE Nrf2 PATHWAY a variety of biomedical fields (16, 19, 21, 22) . Our laboratory has extensively explored the application of hydrogen for the treatment of various diseases (7, 9, 33) , including acute lung injuries (15, 23, 24) . Hydrogen is a selective radical scavenger for hydroxyl radicals and peroxynitrite (14, 37) , and this aspect of hydrogen's chemistry may explain its therapeutic effects. However, our studies suggest that hydrogen exerts indirect antioxidative effects by triggering the activation or upregulation of additional antioxidant enzymes or cytoprotective proteins. Hydrogen may act as a modulator of signal transduction, similar to nitric oxide, carbon monoxide, and hydrogen sulfide, which are well-characterized gaseous signaling molecules (19) . Hydrogen treatment during oxidative stress induces HO-1. Our recent study in a rat lung transplantation model demonstrated that induction of HO-1 by inhaled hydrogen gas in the donor lung before transplantation was associated with reduced ischemia-reperfusion injury in the lungs after transplantation (23) . We also demonstrated that hydrogen enrichment during preservation induced HO-1 in intestinal grafts using a rat intestinal-transplant model (7) . In the present study, hydrogen induced HO-1 expression and ameliorated hyperoxic lung injury in rat and mouse models, consistent with our other recent observations (7, 23) . HO-1 is a rate-limiting anti-inflammatory/antiapoptotic enzyme that catalyzes the conversion of heme into equimolar quantities of biliverdin (further reduced to bilirubin through biliverdin reductase), iron, and carbon monoxide (46) . Animal studies have demonstrated that HO-1 plays a critical protective role in several different lung diseases, including ARDS, pulmonary hypertension, asthma, chronic obstructive pulmonary disease (COPD), and hyperoxic lung injury (13) . In vivo, exogeneous administration of HO-1 to rats via a recombinant adenovirus significantly attenuated hyperoxic lung injury. Rats overexpressing HO-1 in their lungs had reduced pulmonary edema, parenchymal inflammation, and apoptosis after hyperoxia (39) . Although possible therapeutic approaches to modulate HO-1 expression in patients include the use of pharmacological agents or gene therapy (13) , hydrogen treatment to induce HO-1 might be more easily translated into clinical practice than other therapies.
One possible explanation for the protective role of HO-1 induced by hydrogen seen in our study may be a removal of free heme. HO-1 degrades heme, which, when released from damaged cells, is highly lipophilic and detrimental. Free heme not only directly induces tissue injury of the lung cells but is also a major source of iron, which generates highly detrimental hydroxyl radicals through the Fenton reaction (8) . The breakdown of heme to three byproducts has its own significance in essential cellular metabolism and contributes to the suppression of oxidative lung injury, as shown by Otterbein et al. who demonstrated that carbon monoxide inhalation prevents hyperoxic lung injury (40) .
One key finding of this study was that, although hydrogen decreases the extent of oxidative injury caused by ROS even in the absence of Nrf2, Nrf2 is critical for the amelioration of hyperoxic lung injury by hydrogen. Disruption of Nrf2 completely abrogated the protective effects of hydrogen against hyperoxic lung injury. HO-1 induction in response to hydrogen treatment was greatly attenuated in Nrf2 Ϫ/Ϫ mice, suggesting that HO-1 induction by hydrogen is at least partially dependent on Nrf2. Moreover, the Nrf2-ARE pathway is activated by many different electrophilic and oxidative stresses and regulates a large battery of genes encoding proteins with antioxidant activities (25, 47) . Nrf2 signaling plays a critical protective role in pulmonary diseases such as carrageenin-induced acute lung injury (31), COPD (30), elastase-induced lung emphysema (17) , and asthma (42) . In several models, Nrf2-deficient mice exhibited more severe outcomes than their wild-type counterparts (17, 31, 42) . Nrf2 is also an important determinant of susceptibility to hyperoxic lung injury (11) .
Nrf2
Ϫ/Ϫ mice exhibit increased protein permeability, macrophage infiltration, and epithelial injury compared with Nrf2 ϩ/ϩ control mice following exposure to hyperoxia (10) . determine the therapeutic value of inducers of Nrf2 in the treatment of pulmonary diseases (http://clinicaltrials.gov).
To elucidate the detailed mechanisms of the Nrf2-ARE pathway activation by hydrogen, we performed real-time RT-PCR analysis for Nrf2 and Keap1. We found that transcriptional activation of Nrf2 is decreased under hyperoxic conditions and recovers to baseline (normoxic) levels with hydrogen treatment (data not shown), and Keap1 mRNA expression did not change in normoxia and hyperoxia with H 2 or N 2 inhalation (data not shown). Thus, hydrogen may at least partially modulate the Nrf2-ARE pathway by modulating transcriptional activation of Nrf2. Although there is some evidence that transcriptional regulation of Nrf2 is one way of modulating the Nrf2-ARE signaling pathway (27) , most evidence supports the model that Keap1 modulation of Nrf2 subcellular localization and protein stability controls Nrf2 activity. Nrf2 phosphorylation and ubiquitination are believed to play key regulatory roles (5). We performed exploratory studies but were unable to gain further insight into the mechanisms by which hydrogen modulates the Nrf2 pathway and how this modulation protects against hyperoxic lung injury in the current study. Our study suggests that hydrogen may also be worth investigation in this context. Additionally, studies to determine the detailed mechanisms of the Nrf2-ARE pathway activation by hydrogen and how pathway activation ameliorates hyperoxic lung injury are warranted.
We used 2% hydrogen for this study and did not see any adverse effects during the study period. Hydrogen gas is physiological and safe for humans. Although the use of hydrogen with a ventilator raises technical and safety issues that will need to be resolved before we can use this mixture of gases in ventilated patients, hydrogen has no risk of explosion at concentrations Ͻ4% in the presence of oxygen (35) . With appropriate precautions, there should be little risk of explosion in the intensive care unit or if administered in conjunction with oxygen therapy at home. Thus, hydrogen inhalation therapy is a straightforward approach to lung disease, which can be administered by simply providing gas for the patient to inhale using a ventilator circuit, facemask, or nasal cannula. In addition, hydrogen may be relatively easily incorporated into our current interventional or surgical procedures without increasing their complexity.
In conclusion, this study demonstrated, for the first time, that hydrogen ameliorates hyperoxic lung injury by modulating the Nrf2 pathway. The findings suggest a potentially novel and easily applicable solution to hyperoxic lung injury and provide new insight into our scientific knowledge of hydrogen. Although further investigation is required, hydrogen is expected to be an innovative therapeutic tool for unmet medical needs that currently cause considerable health burdens, in particular for critically ill patients with lung diseases. Our findings in this study may pave the way for successful translation of hydrogen inhalation therapy into clinical practice.
